Abstract. Activated carbons have been prepared by physical activation in CO 2 of commercial byproduct kraft lignin (as received, after de-ashing and after impregnation with NaCl) and natural cork. The results obtained show that the presence of natural inorganic impurities increases the reactivity of cork and lignin significantly and also results in limiting values for the micropore volume and in widening of the micropore size. Pure de-ashed lignin is exceptionally non-reactive but allows microporous activated carbons to be obtained which have very narrow micropore widths of ~0.5-0.6nm. When the de-ashed lignin is impregnated with NaCl similar micropore volumes and widths can be obtained but in a considerably shorter time (~30min instead of ~8h) which would result in a considerable energy saving and is therefore a promising procedure for the production of microporous activated carbons from low-cost kraft lignin.
Introduction
Activated carbons can be produced from a wide variety of different polymeric precursors. Biopolymers are of particular interest as they are often available in relatively large amounts as low cost by-products of other industries, and the primary sources are regenerable. Conversion of a biopolymer to an activated carbon involves thermal treatment for periods of several hours at temperatures in the approximate range of 450-950ºC. For a given type of activation process at fixed temperature, the heating time needed to achieve a fixed pore volume or pore size can vary considerably from one type of precursor to another and may also depend on the purity of the raw material and on the presence of impregnating agents, which are frequently added to alter the porosity or mechanical strength of the final activated carbon product. Unfortunately, activation times are not indicated in the vast majority of published work and hence there is currently little information available on the relationship between the chemical structure of a given biopolymer and its reactivity towards activation. Furthermore, in much published work the chemical composition of the precursor is not properly characterised and this makes it difficult to establish the role of impurities in controlling the reactivity.
Work in our laboratory on the use of biopolymers as activated carbon precursors is currently using by-product lignin [1] , cork [2] [3] [4] and coffee hulls [5] as raw materials and is being carried out with two main objectives. On the one hand, we aim to quantify the effect of raw material source and purity on the textural characteristics of the products obtained by physical activation in CO 2 or steam or chemical activation with phosphoric acid or other chemical activating agents. On the other hand, with a view to a significant reduction in energy usage, we are investigating the possibility of obtaining satisfactory products at reduced activation times by impregnation of the raw material with known carbon gasification catalysts, namely alkali and alkaline earth metals. A brief summary of some of the preliminary work carried out using commercial by-product lignin, as received and after purification and after impregnation, and activated physically with CO 2 , will be presented in this paper. For purposes of comparison, complimentary results obtained using cork will also be presented.
Experimental
Materials and methods. The lignin sample was produced by kraft delignification and was obtained from Lignotech Ibérica (Spain). It is very similar to that used in previous work by Fierro et al [6, 7] . For the production of the activated carbon about 5g of precursor were placed in a ceramic boat and positioned in the central constant temperature zone of a conventional horizontal tubular furnace. Carbonisation was carried out by heating to 750ºC at a rate of 8ºCmin -1 under a constant N 2 flow of 85cm 3 min -1 and maintaining for 30min. Physical activation in CO 2 was carried out by switching to a CO 2 flow of 85cm 3 min -1 , maintaining for the appropriate time at 750ºC in order to obtain samples with different levels of burn-off, switching back to the N 2 flow and allowing to cool to below 50ºC before removing the activated carbon from the furnace and storing in a sealed sample flask. Deashing of the as-received lignin, to give the sample ALFA-A, was carried out by washing with 1% sulfuric acid. Impregnation of ALFA-A, to give the sample ALFA-A-Na62 was carried out by mixing dry lignin and NaCl, in a ratio corresponding to a NaCl content of 6.2% and further mixing it in approximately 25mL distilled water. The mixture so obtained was stirred, kept overnight for drying, and was used further for preparation of ACs. The cork samples were carbonised and activated in a similar way to the lignins using the same furnace, sample holders and gas flow rates. The only significant difference is that a slightly higher temperature of 800ºC was used. Characterisation. Samples were characterised by thermogravimetric analysis (TGA) under N 2 flow using a Rheometric Scientific TG1500 instrument. XRD analysis was carried out using a Bruker D8 Advance. The ash content was estimated from the mass of the residue remaining after combustion in air at 650ºC or 815ºC. The microporosity of the activated carbons was characterised by means of the analysis of adsorption isotherms of N 2 . The N 2 isotherms at 77K were determined using a CE Instruments Sorptomatic 1990 after outgassing the samples at 300ºC. The liquid density of N 2 was taken as 0.808gcm -3 and the affinity coefficient as β=0.34. Mean micropore widths were calculated from the DR characteristic energies using the relationship proposed by Stoeckli et al. [8] Results and Discussion Raw Materials Characterisation. The ash content of the ALFA and ALFA-A lignins was 15.4% and 0.2%, respectively. That of the cork was estimated to be 2.6%. A preliminary analysis of the ALFA lignin by ICP indicated that the main metallic impurities are Na (6.2%) and Ca (0.13%). XRD analysis of ALFA ash obtained at 650ºC suggested the presence of silica and sodium carbonate sulfate. Carbonisation yields were found to be 47%, 44%, 46% and 24% respectively for ALFA, ALFA-A, ALFA-A-Na62 and cork. Thermogravimetric Analysis. The TGA curves for ALFA, ALFA-A and cork are shown in Fig.1 . In all cases there is a small weight loss at low temperatures due to the removal of physisorbed water and thermal decomposition begins at temperatures in the region of 200-250ºC. The most rapid rate of weight loss extends from this temperature up to about 500ºC and the curves then level off at higher temperatures. The greatest weight loss is found with the cork. It is to be noted, however, that the weight remaining at 1000ºC is greater than the ash content of the cork. Hence, although most of the cork is volatilised during heating up to 500ºC, the solid material which remains is thermally quite stable. The weight loss up to 500ºC found with ALFA-A is significantly less, indicating a more efficient conversion of the lignin into solid material which then shows a similar thermal stability up to 1000ºC to the cork. The ALFA lignin shows similar qualitative behaviour to ALFA-A up to about 750ºC, but there is then a very sharp loss in weight with complete loss of the carbon content of the sample at 1000ºC (the residual weight is very similar to the ash content). We believe that this is due to a catalytically promoted thermal decomposition which begins at this temperature and arises due to the high Na content of this sample. Reactivity during Activation. As a measure of the reactivity during activation, we have plotted the burn-off as a function of activation time in Fig. 2 . Results are presented not only for the cork and the ALFA and ALFA-A lignins, but also for the sample of ALFA-A impregnated with 6.2% NaCl, that is, with Na content intermediate between the ALFA and ALFA-A lignins. It should be pointed out that this comparison of reactivity is only possible as all of the samples were prepared using the same furnace and sample holders and gas flow rates. It is difficult to compare results obtained in different laboratories, for example, as the exact relationship between burn-off and time depends on the precise experimental conditions used.
It can be seen from Fig.2 that there are very large differences in reactivity. The ALFA lignin is more reactive than the cork which in turn is much more reactive than the purer ALFA-A lignin which is in fact one of the most non-reactive precursors that we have come across in our laboratory. Other authors have also reported that ash free lignin is not very reactive [9] . We presume that the higher reactivity of the cork and the ALFA lignin is due to the presence of impurities which can L o / nm Figure 3 . Relationship between micropore volume and mean micropore width for cork and lignin samples catalyse the carbon gasification reactions. The reactivity of ALFA-A impregnated with NaCl is less than that of ALFA since it has a lower Na content. Furthermore, besides having a major content of Na, ALFA also contains other impurities (such as Ca) which may have an effect on reactivity. In addition, it seems that since NaCl is acting as a catalyst, its presence above a certain extent will not affect the reaction rate. A more complete analysis of this aspect is currently being undertaken. Development of Porosity. The relationship between micropore volume and mean pore width is shown in Fig.3 . It can be seen that the micropore volume is comparatively low, even for the ALFA lignin which has rather wide micropores. Other work has shown that it is possible to obtain higher micropore volumes, up to ~0.6cm 3 g -1 , by physical activation of hydrolytic lignin to 70% burnoff [10] . Unfortunately the time needed to reach such a high burn-off with ALFA-A would be prohibitively long. The results in Fig.3 appear to indicate that the presence of impurities in the raw material results in a widening of the mean pore width and limits the maximum micropore volume to about 0.4cm 3 g -1 for the cork and 0.3cm 3 g -1 for the lignin. Removal of the ash does not reduce the micropore volume but does reduce significantly the mean micropore size. The values obtained for ALFA-A are ~0.5-0.6nm, and the micropore volumes of these samples, 0.25-0.30cm 3 g -1 , are comparatively high for activated carbons with such narrow micropore widths. [11, 12] After impregnation of ALFA-A with NaCl there is only a relatively small alteration in micropore volume and width, which suggests that the presence of impurities does not depend only on the amount present but also on the way in which they are mixed with or incorporated into the structure of the raw material. This is an important point as the limiting micropore volume referred to seem to be a characteristic of precursors with significant natural ash content. It might be expected therefore that increase in the activation time of ALFA-A and ALFA-A-Na62 would result in higher micropore volumes. In the case of ALFA-A, due to its exceptionally low reactivity, this is not practicable. Impregnation with NaCl, as this increases the rate of activation to acceptable levels, but allows the pore size to be controlled within the narrow micropore range, thus presents itself as a very promising procedure for obtaining activated carbons from lignin.
